Enhancing the knowledge on the deformation behavior of cemented paste backfill (CPB) in terms of stress-strain relations and modulus of elasticity is significant for economic and safety reasons. In this paper, the effect of the initial backfill temperature on the CPB's stress-strain behavior and modulus of elasticity is investigated. Results show that the stress-strain relationship and the modulus of elasticity behavior of CPB are significantly affected by the curing time and initial temperature of CPB. Additionally, the relationship between the modulus of elasticity and unconfined compressive strength (UCS) and the degree of hydration was evaluated and discussed. The increase of UCS and hydration degree leads to an increase in the modulus of elasticity, which is not significantly affected by the initial temperature.
Introduction
Cemented paste backfill (CPB) is a cementitious material that is used extensively in underground mines worldwide. It is an engineering mixture of dewatered tailings generated during mineral processing and contains a hydraulic binder (e.g., cement) and water [1] . The main benefits of CPB technology are the reduced amount of waste disposal and the significant environmental and economic benefits for mines. Many underground mines consider CPB in their backfill system selection due to its proven, cost-effective, and highquality performance [2, 3] .
Mechanical stability is an important quality criterion for hardened CPB [4] . Since the backfilled stope and the roof must be self-supporting or stable, the adjacent stopes are extracted to ensure the safety of workers. Information about the deformation behavior of CPB under compression (CPB structures are mostly subjected to compression in their service life) is essential for the rigorous evaluation of its mechanical stability. The mechanical response of a CPB material under load is largely controlled by the stress-strain relationship of the constituent materials and the magnitude of stress [4] . Therefore, understanding the stress-strain behavior of CPB in compression is critical for the design of safe CPB structures. The modulus of elasticity ( ) is another important parameter for the deformation behavior assessment of CPB. Many studies have investigated the relationship between and compressive strength of concrete [5] . However, only limited studies have been done on CPB [4] .
Despite the progress made in the past few years in understanding the deformation behavior of CPB, some major technological and fundamental aspects are still not well understood. For instance, our understanding of the effect of initial CPB temperature on its deformation behavior is limited. Solid knowledge of CPB deformation behavior under various thermal loading conditions is important for the safe and economical design of CPB structures. CPBs can be subjected to a variety of thermal loading conditions. These conditions depend on several parameters, such as mine depth, heat emitted by the binder hydration, initial temperature of the CPB mix components, and mine geographical location [6] . All of the aforementioned heat sources can lead to different initial backfill temperatures once the CPB is placed in the voids. To date, no study has focused on the effect of initial temperature on the deformation properties of CPB. Hence, this research aims to understand the effect of various initial backfill temperatures on the deformation behavior of CPB at early ages (up to 28 days) by conducting experimental tests.
Materials and Methods

Materials Used.
The materials include two types of binders, artificial silica tailings, soluble sodium silicate, and mixing water.
Binders and Water.
Portland cement type I (PCI) and blast furnace slag (Slag) were employed as binders. These materials are the most commonly used binders for the CPB operations of mines in eastern Canada. The mixing ratio of these binders was 50/50. Table 1 presents the physical and  chemical properties of both PCI and Slag. Tap water was employed as mixing water for the binders and tailings blending.
Silica Tailings.
Silica tailings (STs) are a type of artificial tailings that contains 99.8% SiO 2 . The use of artificial tailing enables an accurate control of the mineralogical and chemical composition of the tailings, thereby minimizing the level of uncertainties. STs also show a grain size distribution that is similar to the average particle size distribution of nine Canadian hard rock mines (Figure 1 ). STs can be classified as medium tailings because they have approximately 45 mass percent of fine particles (<20 m). Table 2 shows the physical characteristics of STs.
Sodium
Silicate. Soluble sodium silicates, which are also referred to as water soluble glasses, are polymer liquids with the properties of clearness, colorlessness, and viscidity. In this study, soluble sodium silicate was used as an admixture for the CPB preparation. A commercial sodium silicate solution (type N) with a ratio of SiO 2 to Na 2 O of 3 : 2 was used. Sodium silicate was added as a liquid form; its properties are given in Table 3 . 
Specimen Preparation, Mix Proportions, and Curing.
The CPB specimens were prepared with constant binder content (4.5% mass), binder mass ratio (PCI/Slag: 50/50), water/cement ratio (7.6), sodium silicate content (0.4% mass), and STs. The components of the backfill (STs, cement, slag, and water) were stored in a temperature-controlled chamber to obtain the desired initial temperatures (2, 20, 35 , and 50 ∘ C). Thereafter, the backfill mixtures of tailings, binders, sodium silicate, and water were mixed by a Eurodib B20F mixer (approximately 7 minutes) until a homogeneous paste was obtained. Slump of the CPB mixtures was measured as 18 cm (the most commonly used slump value in Canadian CPB operations), using the ASTM C143 (2010) cylinders with diameters of 5 cm and heights of 10 cm, respectively. The specimens in the cylinders were then sealed to avoid water evaporation. Finally, those thermally insulated cylinders with the same initial temperatures were placed into a thermal insulated and sealed box (40 cm × 30 cm × 30 cm) ( Figure 2 ) to cure. Thus, a total of four insulation boxes were employed for the curing phase. These prepared insulation boxes with different initial temperature specimens were cured at room temperature for 0.25, 3, 7, and 28 days. The purpose of the insulation was to reduce or slow down heat exchange between the CPB and surroundings because the CPB in the field is generally surrounded by the rock mass, which cannot transfer heat quickly.
Mechanical Tests of Specimens.
Once the required curing ages (0.25, 3, 7, and 28 days) were achieved, the specimens were removed from the cylinders immediately. Unconfined compressive strength (UCS) tests were performed on these samples. A computer-controlled MTS 10/GL mechanical press with capacity of 50 kN was employed for the specimen UCS test as per standard of ASTM C-39. A deformation rate of 0.8 mm/min was employed during the test. Each test was conducted at least three times to make sure of the repeatability of the results. In addition to the UCS test, the porosity was also performed on the CPB samples as per standard of ASTM D7263 (2009). Once the UCS test was finished, the broken CPBs were collected and measured with the mass of . These CPB samples were put into the oven drying about 24 hours at the temperature of 95 ∘ C and measured with the mass of after being dried. The water content and dry density of CPB can be calculated using (1) and (2), respectively:
where is water content of CPB, is dry density of CPB, is density of CPB, is the mass of CPB before drying, and is the mass of CPB after drying. It should be noted that the density ( ) of CPB indicated that mass of CPB divides the volume occupied. In the current study, these mass and volume referred to the cylinder volume and CPB mass inside the cylinder before UCS test. The porosity of CPB can be obtained based on the dry density and particle density as shown in the following equation:
Results and Discussion
Effect of Initial Temperature on the Stress-Strain
Behavior of CPB. UCS tests were conducted on 32 CPB specimens with various early curing ages. Figures 3(a)-3(d) present a set of typical stress-strain curves from the results of UCS tests after curing periods of 0.25, 3, 7, and 28 days. The shapes of the stress-strain curves are strongly affected by the initial temperature of CPB for a given different curing time. For most curing times, the peak strain value generally decreases with increasing initial temperature. The strain corresponding to the peak stress value is higher for the initial temperature of 2 ∘ C than for 20 ∘ C during the curing age of 0.25-28 days. For the initial temperatures of 35 ∘ C and 50 ∘ C, the strain values at the peak stress are almost the same but are smaller than those for 20 ∘ C. This information can help elucidate the deformation behavior of CPB under various initial temperature conditions. When the initial temperature is high, the CPB shows a less plastic behavior than that at a low initial temperature. Furthermore, the level of stress generally decreases quickly with increasing initial temperatures in the postfailure region. The slopes of the stress-strain curves generally become steeper with increasing initial temperature.
Figures 4(a)-4(d) illustrate the effect of curing time on the CPB stress-strain relationship for different initial temperatures. All of these stress-strain profiles show the same varying pattern, thus indicating that the CPB stress-strain response is dependent on the curing time. For each initial temperature, the stress-strain response of CPB is more linear in the ascending branch with a longer curing time than with a shorter curing time. Simultaneously, the descending branch shows a sharp decrease with increasing curing time. The higher elastic behavior and decrease of the CPB stress-strain Initial temperature: curve can be due to the higher UCS at the advanced curing time. This phenomenon is due to the fact that small strain evolution needs a relatively bigger pressure load when the CPB samples have high strengths, thus leading to a linear stress-strain curve before reaching the peak stress. During this process, considerable energy is accumulated before the peak stress is achieved because the UCS is high, thus resulting in the rapid proliferation of cracks in the damage zone and the sharp decrease in stress [4] .
Effect of Initial Temperature on the Modulus of Elasticity ( ) of CPB. Figures 5(a) and 5(b)
show the effect of initial temperature and curing time on the evolution of , which was calculated from the stress-strain curves. Three methods are generally used for value determination, including tangent modulus ( max ), secant modulus ( ), and average modulus ( 50 ), as per standard of ASTM D3148. 50 is frequently employed in a geotechnical structure, since this 50 referred to 50% of the failure stress and is in accord with typical operating situations of geotechnical structure during their service life [6] . Also, some other studies used 50 as value of CPB [1, 4] . Therefore, value of present research is obtained by 50 calculation method. From Figure 5 , it can be observed that as the initial temperature increases or the curing age advances, value increases except for the initial temperature of 50 ∘ C at 28 days. This value is close to value of 20 ∘ C at 28 days. This result indicates that when the initial temperature increases to 50 ∘ C at curing age of 28 days, the CPB specimen becomes softer than that at 35 ∘ C. This suggests that a coarser pore structure is present at 50 ∘ C than at 35 ∘ C after curing age of 28 days. This hypothesis is validated by the CPB porosity evolution results presented in Figure 6 . Figure 5(a) shows that values of CPB specimens with different initial temperatures all increase with increasing curing time. This result indicates that the CPB specimens tend to increase in stiffness with increasing curing time because of the progress of the cement hydration ( Figure 9 ). Initial temperature: Figure 6 : Effect of initial temperature on the evolution of porosity.
temperatures of 2 ∘ C and 20 ∘ C but a notable increase for initial temperatures higher than 20 ∘ C is shown. However, when the curing time advances to 3 and 7 days, a significant increase in value can be observed at all full initial temperatures used (2 ∘ C-50 ∘ C). At curing time of 28 days, values increase slightly as the initial temperature increases from 2 ∘ C to 35 ∘ C, while showing a slight reduction for an initial temperature of 50 ∘ C. The aforementioned results denote that the effect of initial backfill temperature on value is most noticeable for curing times of 3 days to 7 days (early ages). This is an important stage for barricade opening in most mines. The effect of initial temperature on value is mainly due to the different hydration process of the binder at various initial temperatures. value has a significant relationship with the UCS of CPB samples, presented in Section 3.3. 7(b) show the relationship between the compressive strength and of CPB samples with the different initial temperatures and curing ages in this investigation. Figure 7(a) shows that, for each initial temperature, increases with increasing compressive strength. Furthermore, the differences between the curves for CPB with different initial temperatures are small. Therefore, the initial backfill temperature does not significantly affect the relationship between and UCS. This phenomenon is well known in concrete research and can be explained as follows. As the hydration products of CPB samples increase, the matrix and interface of cement paste increase in density and strength, thus increasing the similarity between the elastic properties of the cement paste matrix and tailings particles. Thus, high of CPB can be obtained [7] [8] [9] . 
Relationship between the Unconfined Compressive Strength and Modulus of Elasticity of CPB. Figures 7(a) and
where is CPB's modulus of elasticity in MPa and UCS is cylinder uniaxial compressive strength in kPa. Equation (4) indicates a strong relationship between and square root of the UCS. This relationship is in good agreement with the expression suggested by other studies that investigated the relationship between compressive strength and of concrete [10] [11] [12] . Figures 8(a) and 8(b) show the relationship between ( )/ (28) and UCS( )/UCS(28) of CPB samples with different initial temperatures and curing times. As seen in Figure 8(a) , the effect of initial temperature on the relationship between ( )/ (28) and UCS( )/UCS(28) is minor. The initial backfill temperature almost has no effect on the relationship of ( )/ (28) and UCS( )/UCS(28). Figure 8(b) illustrates the trend line that best fits the scatter plot of ( )/ (28) and UCS( )/UCS(28), which is given as the following equation:
where ( ) is the modulus of elasticity in MPa at the curing time of , (28) is the modulus of elasticity in MPa at the time of 28 days, UCS( ) is the UCS in kPa at the curing time of , and UCS (28) is UCS in the kPa at the age of 28 days. The slope and 2 value of (5) are 1.0516 and 0.9517, respectively, thus indicating that / (28) is almost equal to UCS/UCS(28).
Evolution of the Modulus of Elasticity with Degree of
Hydration of the Binder. This section will examine the evolution of with the degree of cement hydration. The following function expresses the degree of hydration [13] :
where ( ) is the degree of hydration at an equivalent age , is the hydration time parameter (h), is the hydration curve shape parameter, and is the ultimate hydration degree.
The equivalent age can be expressed as the following equation [14] :
where is the hydration time parameter at the temperature of cement-based materials and is the chronological age. The value of the ultimate degree of hydration ( ) is significantly affected by the water-binder ratio ( / ) [15] . Equation (8) , which is based on numerous experimental tests [16] , is recommended as the expression for the ultimate degree of hydration for saturated cement-based materials:
where / is the ratio of water to binder. The ultimate hydration degree is unaffected by the curing time [17] . The cement or binder generally cannot hydrate completely because of the low / (0.2-0.6) commonly used in concrete; that is, the ultimate degree of binder hydration may never reach the value of 1 [18] . However, high / ratios (5-15) are usually employed in the application of CPB operation [19] . Therefore, the full hydration of the binder can be expected to occur and leads to an ultimate degree of binder hydration of 1. Thus, in (9), when / < 6.258, the equation is valid; if / > 6.258, = 1 [19] . Hence, in the present study, the ultimate degree of hydration should be 1 because of the relatively high / (7.6).
According to (6) and (7) and the recommended parameters of these two equations [14] , the evolution of the degree of hydration with curing age for CPB at different initial temperatures can be obtained and is presented in Figure 9 . This figure shows that the degree of hydration of CPB samples is significantly affected by its initial backfill temperature.
To investigate the effect of the degree of hydration on of CPB, the following expression is used [20] :
where ( ) is the modulus of elasticity at the hydration degree of , ( = 1) is the modulus of elasticity at the hydration degree of 1, ( ) is the hydration degree at the curing time , and 0 and are parameters. According to (9) , ( ) can be expressed as a function of the degree of hydration ( ): The evolution of modulus of elasticity with degree of hydration at various initial temperatures is given in Figure 10(a) . It can be observed from this figure that the modulus of elasticity increased with increase in degree of hydration. This is because the increase of hydration degree can result in more hydration products, thus leading to a higher strength. A higher strength leads to a higher elastic modulus which has been discussed in detail in Section 3.3. It also should be noted that the increase of elastic modulus with degree of hydration is very slow when it is small but accelerated if the degree of hydration is above 0.4. This is also due to the fact that the increase of UCS accelerated as the degree of hydration is above 0.4, which is shown as Figure 10(b) .
By using modeled in (10), the scatter plot of the experimentally determined versus predicated trend line is shown in Figure 10 (c). Figure 10(c) shows the relationship between and degree of hydration insignificantly affected by the initial temperature. This figure indicates that the model of (10) accurately predicts the measured results. The modulus of elasticity from the known degree of hydration is predicted, as shown in the following equation:
The result in (11) has a significant difference compared with of concrete (recommended as 0.26-0.62) [20] . This result indicates that CPB is different from the concrete and the results of the concrete research cannot be directly used in the CPB design.
Moreover, the ultimate ( ( = 1)) of CPB in this study can be predicted as 133.529 MPa on the basis of (10) and (11) . The predication value of ( = 1) is close to the average of curing age of 150 days in a column experiment that featured value of 120 MPa at the top of the column and 170 MPa in the middle and bottom of the column (average value of 145 MPa) [1] . This column experiment employed similar materials and material ratio (including STs, binder content (4.5%), and the / (7.6)) as the present study.
Conclusions
This study has provided information that can help understand the initial temperature dependence of deformation behavior in CPB. The main conclusions derived from this study are summarized as follows:
(1) The stress-strain relations as a function of initial temperature were obtained. For the same curing age, the linear part of the stress-strain curve for high initial temperature CPB is steeper than that for low initial temperature CPB. Furthermore, the descending branch shows a sharp reduction with increasing initial temperature.
(2) of CPB increases at a high initial temperature and advanced curing age. However, as the curing age increases to 28 days, first the increase (2 ∘ C-35 ∘ C) and then decrease (35 ∘ C-50 ∘ C) of values can be observed with increasing initial temperature.
(3) as a function of the uniaxial compressive strength of CPB is not significantly affected by initial temperature. Moreover, the ratio of ( )/ (28 d) is almost equal to the ratio of UCS( )/UCS(28 d). The effect of the initial temperature is minor.
(4) The strong relationship between and degree of hydration was investigated under the small effect of initial temperature. The equation predicting from the known degree of hydration was obtained. The ultimate predicted by this equation is in good agreement with the result of curing age of 150 days conducted by other studies.
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